Abstract Plasmodium falciparum perforin like proteins (PfPLPs) are an important arsenal for the entry and exit of malaria parasites. These proteins bind and oligomerize on the membrane in calcium dependent manner and form an open pore. The calcium dependent pore forming activity of PLPs is usually conferred by their C2 like C-terminal domain. Here, we have tried to elucidate the calcium binding residues in the C-terminal domain of PfPLP1, a member of P. falciparum PLPs, playing a crucial role in calcium dependent egress of blood stage parasites. Through our in silico study, we have found that the C-terminal domain of all PfPLPs is rich in b-pleated sheets and is structurally similar to C2 domain of human perforin. Furthermore, homology search based on 3-D structure of PfPLP1 confirmed that it is structurally homologous to the calcium binding C2 domain of many proteins. On further elucidation of the calcium-binding pocket of the C2 like domain of PfPLP1 showed that it binds to two calcium molecules. The calcium-binding pocket could be a target of novel chemotherapeutics for studying functional role of PfPLPs in parasite biology as well as for limiting blood stage growth of malaria parasite.
Introduction
Malaria, a parasitic killer, causes more than 1 million human deaths each year. It is caused by five Plasmodium spp., P. falciparum being the deadliest one. The life cycle of Plasmodium is divided into two hosts: Mosquito or primary host where the sexual reproduction occurs and human beings or secondary hosts where asexual reproduction takes place. All the pathophysiological symptoms of malaria are attributed to the blood stage infection of malaria parasite, where P. falciparum merozoites invades human RBCs, multiply within them and exit out to re-invade fresh RBCs (Cowman et al. 2012) . Being important for continuation of parasite life cycle, these steps are usually targeted for therapeutic interventions.
Ca 2? plays a pivotal role in the physiology of malaria parasite Garg et al. 2013; Singh et al. 2010) . It regulates invasion and egress of malaria parasites through various molecular players, perforin like proteins (PLPs) being one of them Ecker et al. 2007; Garg et al. 2013; Ishino et al. 2005; Kaiser et al. 2004; Kadota et al. 2004; Singh et al. 2010; Wirth et al. 2014) . These proteins help in transversal of malaria parasite from one cell to the other in liver and mosquito stages (Ecker et al. 2007; Ishino et al. 2005; Kadota et al. 2004 ). Recently, they are shown to play a crucial role in the egress of malaria parasites in the blood stage and gametocyte stages Wirth et al. 2014) . Being proteins of multistage functional relevance, these are usually an interest of the researchers to develop them as a target for intervention of parasite growth at various stages of life cycle.
Plasmodium falciparum PLPs (PfPLPs) are multi domain proteins with an N-terminal signal sequence, a central MACPF domain and a C-terminal domain (Garg et Wirth et al. 2014) . The lytic activity of these PfPLPs is due to a structurally conserved, pore forming central MACPF domain. However, the domain of PfPLPs that confers calcium dependence to their lytic activity was not elucidated. In this work, we tried to elucidate the calcium-binding domain of PfPLP1, a PLP playing a crucial role in egress of merozoites from host RBC. We showed that the C-terminal domain of PfPLP1 is rich in b-pleated sheets and shares structural homology with C2 domains of various proteins such as human perforin. The C2 domains of various proteins are well characterized as calcium sensing molecules and provide calcium dependent lipid binding (Davletov and Sudhof 1993) . By extensive bio-informatic analyses, we found the calcium binding residues of C-terminal domain of PfPLP1 which can be further characterized biochemically.
Results
In silico structure prediction of C-terminal of PfPLPs
To elucidate the role of c-terminal domain of PfPLPs, we tried to find out their sequence homology with known calcium binding proteins. Since, the sequence based homology of this domain was almost nil, we analysed their homology based on their 3-D structure. 3-D structures of PfPLPs were found to be rich in b-pleated sheets, organized very similarly to C2 domain of human perforin ( Fig. 1) . The TM-score of structural similarity of PfPLPs with human perforin was found to be more than 0.5 suggestive of similar folds in these structures.
Structural homology of PfPLP1 with known C2 domain containing proteins
PfPLP1 is one of the most important molecule for blood stage egress and is best characterized for calcium dependent membrane binding. We analyzed its structural homology with known C2 domain containing proteins to understand the structural basis for its calcium interaction. Using TM-align algorithm we found PfPLP1 shares significant structural homology with known C2 domain containing proteins, TM-Score being more than 0.5, as shown in Table 1 . Structural alignment of PfPLP1 with lymphocyte perforin showed structures exactly overlaying each other (Fig. 2a) . Based on the structural similarity of PfPLP1 with known C2 domain containing proteins, we tried to identify calcium binding site in C-terminal domain of PfPLP1. We found two calcium atoms bound to lower part of the C-terminal of PfPLP1. We labelled these sites as site-I and site-II as shown in the Fig. 2b .
Identification of calcium-binding residues in Cterminal of PfPLP1
Ligand explorer was employed for visualizing the interaction of docked calcium with PfPLP1. We found that calcium at site-I was interacting with five amino acids: Asp23, Lys24, Tyr25, Thr115 and Thr116 whereas calcium at site-II was interacting with Tyr25, Asp26, Thr27, Thr116 and Asn122 ( Fig. 3 ; Table 2 ). Calcium was principally coordinated by the negatively charged oxygen or the nitrogen atoms of these amino acids. The distance between bound calcium and corresponding amino acid varied from 0.8 to 3.5A° (Table 2) .
Methods

3-D structure prediction of PfPLPs
I-TASSER (http://zhang.bioinformatics.ku.edu/I-TASSER/), a hierarchical pipeline for protein structure prediction, combines the methods of threading, ab initio modeling and structural refinement, was used to predict structures of C-terminal of PfPLPs (Roy et al. 2010 (Roy et al. , 2011 Zhang 2008) . Among the top five models predicted by the server, the one with a high C score ([-2) was chosen for further analyses. Protein structures were superimposed using TM-align (Zhang and Skolnick 2005) .
Calcium binding site prediction COACH meta-server was used to predict calcium-binding site in the C-terminal of PfPLP1 (Yang et al. 2013a, b) . COACH meta-server predicts protein-ligand binding site based on specific structural comparison (TM-SITE) as well as on sequence profile alignment (S-SITE). The results from COACH meta-server were then viewed and analyzed using Ligand Explorer. The cut-off for metal interactions in Ligand Explorer was kept at 3.5A (Moreland et al. 2005) .
Discussion
PfPLPs are important molecules, essential for progression of P. falciparum life cycle. The structural information of lymphocyte perforin is known, however, no data is available on the structure of PfPLPs. In this paper, we tried to in silico predict the structure of C-terminal domain of PfPLPs and further identify the calcium-binding site of PfPLP1.
We found that C-terminal domain of PfPLP1 is similar calcium binding C2 domain such as perforin, synaptotagmin, dysferlin, etc. Based on this structural homology, we The table is showing the name and number of amino acid that is interacting with the bound calcium. Moreover, the atoms of amino acid, interacting with calcium are also shown. Distance between the calcium and corresponding amino acid is given in A (Angstrom) S20 S. Garg et al. further narrowed down to identify calcium-binding site of C-terminal domain of PfPLP1. We found that two calcium molecules interact with amino acids-Asp23, Lys24, Tyr25, Asp26, Thr27, Thr115, Thr116 and Asn122 via metal interactions. Further biochemical characterization by mutation analysis will confirm the importance of these amino acids in coordinating bound calcium. Previous studies have shown that calcium is essential for the activity of PfPLP1. Therefore, the calcium-binding site of PfPLPs could be a good chemotherapeutic target for development of multistage drugs against malaria.
